Non-speci®c binding of proteins and peptides to charged membrane interfaces depends upon the combined contributions of hydrophobic (ÁG HÈ ) and electrostatic (ÁG ES ) free energies. If these are simply additive, then the observed free energy of binding (ÁG obs ) will be given by ÁG obs ÁG HÈ ÁG ES , where ÁG HÈ À s NP A NP and ÁG ES zFf. In these expressions, A NP is the non-polar accessible area, s NP the non-polar solvation parameter, z the formal peptide valence, F the Faraday constant, and f the membrane surface potential. But several lines of evidence suggest that hydrophobic and electrostatic binding free energies of proteins at membrane interfaces, such as those associated with cell signaling, are not simply additive. In order to explore this issue systematically, we have determined the interfacial partitioning free energies of variants of indolicidin, a cationic proline-rich antimicrobial peptide. The synthesized variants of the 13 residue peptide covered a wide range of hydrophobic free energies, which allowed us to examine the effect of hydrophobicity on electrostatic binding to membranes formed from mixtures of neutral and anionic lipids. Although ÁG obs was always a linear function of ÁG HÈ , the slope depended upon anionic lipid content: the slope was 1.0 for pure, zwitterionic phosphocholine bilayers and 0.3 for pure phosphoglycerol membranes. ÁG obs also varied linearly with surface potential, but the slope was smaller than the expected value, zF. As observed by others, this suggests an effective peptide valence z eff that is smaller than the formal valence z. Because of our systematic approach, we were able to establish a useful rule-of-thumb: z eff is reduced relative to z by about 20 % for each 3 kcal mol À1 (1 kcal 4.184 kJ) favorable increase in ÁG HÈ . For neutral phosphocholine interfaces, we found that ÁG obs could be predicted with remarkable accuracy using the WimleyWhite experiment-based interfacial hydrophobicity scale.
Proteins associated with cell signaling are targeted to speci®c subcellular membranes, where they bind at the membrane interface through a combination of speci®c and non-speci®c interactions (reviewed by Hurley & Misra) . 1 The speci®c ligand-binding sites are generally¯anked by basic and/or hydrophobic side-chains (Figure 1 ), which mediate electrostatic and hydrophobic interactions responsible for the non-speci®c component of binding. It is naõ Ève that one might expect additivity of non-speci®c electrostatic (ES) and hydrophobic (HÈ) interactions. However this is not generally observed. For example, Ghomashschi et al. 2 found, through charge reversal mutagenesis, that the six basic residues surrounding the active site of bee venom phospholipase A 2 (PLA 2 , Figure 1 ) contribute no more than 2-3 kcal mol
À1
(1 kcal 4.184 kJ) of the $15 kcal mol À1 membrane binding energy of PLA 2 . In a similar way, simple ES/HÈ additivity does not prevail in the interfacial binding of effector-domain peptides from myristoylated alanine-rich C-kinase substrate (MARCKS) protein. 3, 4 The balance of ES/HÈ interactions affects membrane insertion of many membrane-active peptides and proteins, 5 ± 9 most strikingly colicin E1. 10 Although the interfacial binding of the colicin E1 channel peptide requires ES interactions, subsequent transbilayer insertion is driven by HÈ interactions, which can be counteracted by strong ES binding. These examples emphasize the need to understand quantitatively the interplay of HÈ and ES interactions at membrane interfaces, which is the subject of this work.
The assumption of ES/HÈ additivity has been a mainstay of studies of peptide-bilayer interactions for more than ten years.. [11] [12] [13] [14] [15] [16] Thorgeirsson et al. 17 expressed additivity using:
in which K obs is the experimentally observed water-to-membrane partition coef®cient, z the formal valence of the peptide, F the Faraday constant, and f the electrical potential at the membrane surface, generally computed from Gouy-Chapman theory (see, for example, Ben-Tal et al.). 18 At very low membrane-bound concentrations of peptide and in the absence of charged lipid (f 0), K obs equals K HÈ , de®ned as the hydrophobic partition coef®cient. The water-to-membrane free energy of transfer is given by:
which follows from the Boltzmann equation:
K obs expÀÁG obs aRT 2b
Using the de®nition:
for Coulombic interactions, equation (1) may be written as:
The physicochemical components of ÁG obs are many, 19 including bilayer effects 20, 21 (arising from several bilayer contributions to partitioning) and Figure 1 . Molecular structures of bee venom phospholipase A 2 (PLA 2 ) and indolicidin. The structure of PLA 2 was constructed from PDB coo È rdinates 1POC. 45 It is shown as viewed from the membrane along the membrane normal according to the EPR study by Lin et al. 46 The residues shown in the CPK representation are those believed to be responsible 47 for interfacial binding of PLA 2 . The structure of indolicidin is one proposed by Ladokhin et al. 39 based upon strong evidence for reverse turn-dominated conformations. The amino acid residues for both structures are colored according to the following scheme: Lys and Arg, red; aromatics, blue; Leu, Ile, and Met, green; Pro, yellow. The Ca 2 of PLA 2 is colored magenta, and the active-site transition-state analogue diC 8 (2Ph)PE is colored cyan.
various non-Coulombic electrostatics-based effects related to changes in peptide solvation and changes in dielectric constant. 4, 18, 22, 23 Despite the apparent oversimpli®cation of equation (4), it merits closer investigation because of its widespread use and the possibility of establishing a systematic relationship between HÈ and ES free energies. Using two series of peptides based upon the antimicrobial peptide indolicidin, we have examined explicitly the proposition that experimentally determined membrane partitioning free energies are described by equation (4) .
Equations (3) and (4) indicate, for cationic peptides and anionic lipids, that ÁG obs should become more favorable as f increases and be linear in f with slope zF. Deviations from ideal HÈ/ES additivity should be manifest through deviations from these expectations. Most commonly, non-ideality appears as an apparent reduction in peptide valence to a value z eff < z (see below). For the family of peptides we studied, we indeed found favorable linear increases in ÁG obs with increasing surface potential and deviations from ideal behavior described by z eff < z. But the results also disclosed a systematic, inverse coupling between HÈ and ES interactions: increases in HÈ are accompanied by seeming decreases in z eff . Of obvious importance to our study are the methods used for determining partitioning and hydrophobic free energies, discussed below.
Measurement and meaning of partitioning free energies
In studies of the partitioning of cationic hydrophobic peptides into anionic bilayers, the assumption is frequently made that the surface potential increases the concentration of peptide in the vicinity of the membrane. Hydrophobic binding free energies are then extracted via the computed local concentration at the membrane surface, implying no electrostatic interactions within the membrane itself and a sharp boundary between membrane and water.
Here, we use a strictly thermodynamic approach, and thus avoid any speculative assumptions about the precise nature of the membrane or the membrane-water interface. The experimental system, comprised structurally of large unilamellar vesicles (LUV) dispersed in an aqueous phase, is considered as a simple two-phase system. The preference of a peptide for the membrane (LUV) phase relative to the aqueous phase is determined by equilibrium dialysis. 24 In such measurements, 25 the LUV dispersion is injected on one side of an LUV-impermeant dialysis membrane and the peptide on the other. After equilibration, any increased preference of the peptide for the LUV side (determined by HPLC methods) is attributed to the membrane phase, which is de®ned only by the amount of lipid associated with it. As is appropriate for thermodynamics, we make no assumptions about the structure of the phases, the microscopic distribution of a solute (peptide) within the phases, or the underlying driving force for partitioning. Given the¯uid nature of the lipid, binding-site models for partitioning are generally inappropriate. 24 The mole-fraction partition coef®cient K obs (equation (2) Although we make no speci®c assumptions about the location of the peptides used in this study, direct and indirect measurements. 3, 17, [26] [27] [28] [29] strongly support an interfacial location for virtually all small peptides that cannot form regular secondary structure.
Hydrophobic free energies
Favorable HÈ free energies of transfer from water to a non-polar phase are determined by the hydrophobic effect, 30 which arises from desolvation of non-polar (NP) atoms. 31, 32 The hydrophobic free energy of transfer is proportional to the NP accessible surface area (A NP ):
where s NP is the so-called solvation parameter. A Ê À2 , determined from the partitioning of a family of host-guest pentapeptides (Ac-WLXLL) between water and n-octanol. In contrast, the apparent NP solvation parameter for the partitioning of this same family of peptides into the POPC bilayer interface is lower: 13.1(AE0.6) cal mol À1 A Ê À2 , about one-half the octanol value. A similar value was obtained by Jacobs & White 27 using a series of tripeptides. That the value is smaller than the one observed for pure non-polar phases is not surprising given the complex structure and chemical heterogeneity of the bilayer interface. 19 Two possible explanations are that peptides in the interface are only partially removed from water 27 or that the solvation parameter is related in some unknown way 29 to an interfacial dielectric constant e intermediate between water (e 80) and hydrocarbon (e 2). Although the mean value 29 may be $18, an analysis of the polarity gradient of the interface suggests that e will depend strongly on position, 35 as will the water exposure of interfacial peptides. 27 For peptides that do not adopt regular secondary structure upon interfacial partitioning, the simplest way to account for changes in ÁG HÈ is to use the whole-residue interfacial hydrophobicity scale of Wimley & White 29 combined with extensions of the scale to account for different end-groups (K. Hristova & S. H. W., unpublished results). Thus, here we use transfer free energies ÁG WW computed from the Wimley-White (WW) scale as surrogates for ÁG HÈ . We note, however, that the WW scale includes all 20 natural amino acid residues, so that`h ydrophobicity'' scale actually means``energetic'' scale. Because we are modifying only hydrophobic residues in the two series of peptides used in our experiments, changes in peptide hydrophobicity, ÁÁG WW , re¯ect hydrophobic free energy changes in the sense of equation (6).
Indolicidin as a model for testing HÈ È È/ES additivity
Four criteria were considered in choosing a peptide model system for examining additivity. First, the peptides must partition strongly under the in¯uence of HÈ or ES interactions alone. That is, they must be simultaneously hydrophobic and charged. Second, they must share a common, invariant``host'' structure. The length, for example, should be kept constant to avoid free energy changes associated with conformational changes. Third, and most problematic, interfacial partitioning should not induce the formation of regular secondary structure, which can profoundly affect the energetics of partitioning. 36, 37 Fourth, the peptides should not aggregate in either the aqueous or membrane phases at concentrations practical for determination of partitioning by equilibrium dialysis methods. 24 With these criteria in mind, we chose indolicidin, a 13 residue antimicrobial peptide-amide isolated from the cytoplasmic granules of bovine neutrophils, 38 as a peptide template (Figure 1 ). R-NH 2 ) has a remarkable amino acid content: ®ve tryptophan residues, three structure-breaking proline residues, and four cationic groups (including the amino terminus). We have demonstrated that it and several variants bind avidly to both neutral and charged membranes 26 with conformations dominated by reverse turns in membrane-like environments. 39 It is important that partitioning does not induce hydrogen-bonded secondary structure. The hydrophobicity was varied by substituting Leu, Phe, and Tyr for selected Trp residues (Table 1 ). For one series of peptides, we synthesized indolicidin variants in which all tryptophan residues were replaced by Leu, Tyr, or Phe (Ind-L, Ind-Y, and Ind-F, respectively) without substitutions for the Lys or Arg residues, keeping the charge ®xed at 4. Because this much charge made measurement of partition coef®cients rather complex and tedious at high anionic lipid contents, 24, 26 we synthesized a second series of variants in which Arg12 was replaced by Ala, reducing the charge to 3. For these, single Trp substitutions were made at three different positions (n 4, 8, or 11) in the Ind-L and Ind-F variants in order to test for position-dependence of substitutions. These two series together allowed a broad range of water-to-bilayer transfer free energies to be determined by equilibrium dialysis methods (see above). Table 1 includes the free energies of transfer ÁG WW into zwitterionic POPC LUV computed using the Wimley-White 29 interfacial hydrophobicity scale and recent determinations of the free energies of partitioning C and N-terminal groups into POPC LUV (K. Hristova & S. H. W., unpublished results).
Effect of hydrophobicity on electrostatic binding Figure 2 shows plots of the experimentally determined water-to-bilayer free energy of transfer (ÁG obs ) of several indolicidin variants into pure POPC and POPG vesicles as a function of peptide HÈ, which is measured by ÁG WW (see above). The ÁG obs values for POPG partitioning correspond to Ind-L, Ind-Y, Ind-F, and Ind-W. For POPC partitioning, the values include these peptides, and the Ind-L-W n and Ind-F-W n variants ( Table 1) . The data for POPC fall on a line with slope of 1.04(AE0.04) and intercept of À0.1(AE0.3) kcal mol À1 . The slope of 1 means that the WW scale describes accurately the relative changes ((ÁG HÈ ) in the free energy caused by hydrophobic amino acid substitutions. It is remarkable that, the intercept is statistically 0, suggesting an absolute predictive power for the WW scale for peptides that do not form regular secondary structure upon partitioning. The Ind-L-W n and Ind-F-W n data points show that there is little variation in ÁG obs for peptides with the same amino acid content, but with the Trp residues in different positions. This increases our con®dence in the prediction capability of the WW scale.
As expected for partitioning into POPG LUV, the ÁG obs values (triangles, Figure 2 ) are more favorable because of the additional ES interaction, consistent with our earlier ®nding for the partitioning of natural indolicidin. 26 Although ÁG obs increases linearly with HÈ, the slope is only 0.3(AE0.05). If ÁG HÈ and ÁG ES were simply additive, and if s NP of POPG is the same as for POPC, then a simple upward displacement of the POPC data by about 10 kcal mol À1 would be expected (equation (3)), based on a surface potential of about À110 mV (computed from Gouy-Chapman theory). 18 In order to ®nd out if there was any neutral/ anionic lipid composition range for which additivity would be observed, we carried out experiments summarized in Figure 3 . We chose two pairs of peptides for this series of experiments, each with equal formal charges but with different hydropho- Figure 2 . Experimentally determined water-to-interface transfer free energies ÁG obs for indolicidin variants plotted against hydrophobic free energies ÁG WW , which were computed using the Wimley-White 29 interfacial hydrophobicity scale ( Table 1 ). The scale was obtained from partitioning studies of a host-guest family of pentapeptides into POPC interfaces. Transfer free energies are shown for partitioning into zwitterionic POPC LUV (&) and anionic POPG LUV (~). Points marked with an asterisk (*) are from Ladokhin et al. 26 Included in both data sets are Ind-L, Ind-Y, Ind-F, and Ind-W ( Table 1 ). The POPC data set includes in addition the variants Ind-L-W n and Ind-F-W n , where n indicates sequence positions 4, 8, and 11 ( Table 1 ). The POPC data fall on a straight line with a slope of 1 and intercept of 0, indicating that the Wimley-White pentapeptide-based scale predicts ÁG obs accurately for the larger and more complex peptides of the indolicidin family. Partitioning is stronger for anionic POPG because of the additional electrostatic component, but the slope of the straight line is much less than 1. This indicates the absence of simple additive contributions from hydrophobic and electrostatic interactions. Lipids were obtained from Avanti Polar-Lipids (Alabaster, AL). Large unilamellar vesicles (LUV), approximately 0.1 mm in diameter, were formed by extrusion under N 2 pressure through Nucleopore polycarbonate membranes using the method of Mayer et al. 48 The pH 7 buffer consisted of 10 mM Hepes, 50 mM KCl, 3 mM NaN 3 , and 1 mM EDTA. Peptides were synthesized using a standard Fmoc chemistry and puri®ed by the method of Van Abel et al. 49 After puri®cation, the peptides were better than 98 % pure, as judged by analytical HPLC, electrophoresis, and mass spectroscopy. The free energies of transfer were computed from ÁG obs ÀRTlnK x , where K x is the mole-fraction partition coef®cient determined by equilibrium dialysis. 24 ± 26 . Partitioning of Ind-L into POPC was weak and required high lipid concentrations. In this case, it was necessary to correct for the inner volume of vesicles, as described elsewhere. 37 Because of the additional uncertainties introduced by this procedure, the data for Ind-L in pure POPC were not used in the ®tting of the straight line to the POPC data.
bicities. Figure 3(a) shows the dependence of ÁG obs on surface potential f for Ind-W and Ind-L, which have a formal valence of z 4. In Figure 3(b) , the Ind-F-W 11 and Ind-L-W 11 pair have a formal valence of 3. In all cases, ÁG obs varies linearly with f, but the slopes decrease with increasing hydrophobicity. The expected slopes from equation (6(a)) are 0.069 for z 3 and 0.092 for z 4. In Figure 3(b) , the Ind-L-W 11 and Ind-F-W 11 pair (z 3) have slopes of 0.055 and 0.044, respectively. For the z 4 pair in Figure 3(a) , the slopes are 0.066 for Ind-L and 0.024 for Ind-W. Although deviations from equation (4) for cationic-peptide binding to anionic membranes have been observed before, 12, 14, 17 , our results disclose for the ®rst time a systematic inverse relationship between ÁG ES and ÁG HÈ for our indolicidin variants.
Ben-Tal et al. 18 showed that polylysine peptides, lacking hydrophobic residues, obey the electrostatic ideal. Thorgeirsson et al., 17 in studies of the binding of the 25 residue presequence of cytochrome c oxidase subunit IV (COX IV), found ideal electrostatic binding to POPC/POPG vesicles only at very low POPG concentrations (jfj < 12 mV). Binding dropped below the ideal as the magnitude of f increased at higher POPG concentrations, as though the charge of the peptide had been reduced. An apparent reduction in peptide charge had been observed earlier for melittin by Beschiaschvili & Baeuerle, 14 who introduced the concept of the effective peptide charge z eff , which is invariably smaller than z.
The ratio z eff /z is a convenient measure of the deviation of electrostatic binding from the ideal expressed by equations (3) and (4), and can be used to consolidate the results of Figure 3 . In Figure 4 , we have plotted z eff /z (derived from the slopes of the curves in Figure 3 ) against ÁG HÈ , taken as the f 0 intercepts of curves. In the case of ideal additivity, z eff /z should be independent of ÁG HÈ and equal to 1 (broken line, Figure 4) . The ratios for the indolicidin mutants, however, are less then 1 and the lines through the corresponding pairs exhibit substantial negative slopes. This manner of plotting the data reveals clearly that the higher the hydrophobicity, the greater the deviation from ideal behavior. Extrapolation of the curves to ÁG HÈ 0 suggests that pure electrostatic partitioning will be proportional to the formal charge (z eff /z 1) in the absence of signi®cant hydrophobicity, consistent with the measurements of polylysine binding to POPC/POPS membranes. 18 
Connecting hydrophobic and electrostatic interactions
How can the inverse relationship between ÁG HÈ and ÁG ES be explained? Two obvious possibilities are changes in peptide conformation and interfacial position. For the indolicidins, differences in peptide conformation seem unlikely, because the overall fold of the natural peptide (Ind-W), which exhibits the strongest non-additivity, is the same in POPC and POPG bilayers, as judged by CD spectra. 26 Major changes in the depth of membrane penetration also seem unlikely, because the¯uor-escence maxima of Trp are similar for the leasthydrophobic and most-hydrophobic single-Trp mutants in the same membrane environment (A. S. Ladokhin & S. H. W., unpublished results). Furthermore, differences between the¯uorescence spectra collected for the same peptide in different membranes, POPC and POPG, were not consistent Figure 3 . Experimentally determined free energies of partitioning (ÁG obs ) of several indolicidin variants into LUV formed from mixtures of POPC and POPG, ranging from 0-100 % POPG. The data are plotted against surface potential f computed from Gouy-Chapman theory. 18 Points marked with an asterisk (*) are from Ladokhin et al. 26 ÁG obs varies linearly with surface potential. The slopes of the curves are smaller for the more hydrophobic peptides, and are smaller than the values expected from the formal peptide charges z. with deeper penetration into POPC compared to POPG. Rather, the differences could be attributed largely to non-speci®c charge effects on Trp uorescence, 26 based upon similar effects being observed for tryptophan octyl ester. Together, these observations argue against gross structural changes in the peptide-interface complex. Because we were careful to execute our measurements under dilute-solution conditions, 26 we can also rule out secondary effects such as the screening of the anionic surface by the cationic peptides. 17 Figure 1 of Ladokhin et al. 26 shows clearly the lack of screening effects for Ind-W, our most hydrophobic peptide, and the one most likely to suffer from anti-cooperative screening effects.
We suggest that the principal issues, 19 noted at the outset, concern the structural complexity of the membrane interface, the thermodynamic contributions of the bilayer itself, and various electrostatics-based effects related to changes in peptide solvation and changes in dielectric constant. Integration of these components into a coherent quantitative theory will require atomic-level descriptions. The Honig and McLaughlin groups have made a good start in this direction. 4, 18, 22, 23 The results presented here provide a systematic set of data that should be useful for expanded theoretical studies that take into account the penetration of peptides into the membrane interface, which is totally ignored in the simple electrostatic treatment of equation (3) . The atomic-model approach points broadly toward a solution to the HÈ/ES non-additivity conundrum. It suggests that the equilibrium position of a peptide at the interface is determined by attractive Coulombic forces and favorable NP desolvation free energy balanced by Born repulsion. 4 Implications for predictions of proteinmembrane and peptide-membrane interactions Earlier work and the present results help to clarify the basic requirements for predicting interaction free energies for peptides and parts of proteins at membrane interfaces. First, as in the determination of the whole-residue interfacial hydrophobicity scale of Wimley & White, 29 one must account for the free energies of transfer of all side-chains and the peptide bonds of unfolded peptides. Second, the effects of conformational changes, such as random-coil to a-helix, 37 on backbone partitioning energetics must be considered. Third, direct Coulombic interactions between the peptide and lipid charged groups must be included, 18 which leads to the fourth point: how to weight the various contributions to account for non-additivity. The data obtained for indolicidin variants presented here relate to every aspect of this accounting.
Our indolicidin data are in excellent, indeed remarkable, agreement with the predictions of the WW scale over a wide range of hydrophobicities (Figure 2 , POPC curve). This implies that the energetic consequences of local non-H-bonded conformational states must play a minor role in interfacial interaction free energies, because the range of conformational states available to indolicidin must certainly differ dramatically from those of the pentapeptides. The most important consideration may thus be that the turn motif of indolicidin is not stabilized by backbone H-bonding, 39 as con®rmed by a recent NMR determination of indolicidin's structure in micelles. 40 In contrast, regular H-bonding secondary structure formation dramatically lowers the cost of partitioning peptide bonds into the interface (partitioning-folding coupling). 24 We have shown, for example, that the per-residue free energy reductions accompanying secondary structure formation are 0.41 kcal mol À1 for a-helices 37 and 0.5 kcal mol À1 for b-sheets.
36
Simple additivity of HÈ and ES free energies appears to prevail in the case of small hydrophobic, monovalent molecules 41 and for fatty acids with or without small covalently linked peptides or amino acids. 42 However, for multivalent peptides with signi®cant hydrophobicity arising only from amino acid side-chains, there have been many indirect 12, 14, 17 and direct 4, 23, 43 hints that a more sophisticated treatment of membrane electrostatics is needed. The systematic results of our measurements with indolicidin variants disclose a strong inverse relationship between HÈ and ES interaction energies in membrane interfaces (Figure 3 ) that must be accounted for. Although Figure 4 . Analysis of the additivity of hydrophobic and electrostatic free energies in membrane partitioning of the indolicidin variants. The ratio of effective charge to the formal charge (z eff /z) is plotted against the hydrophobic component of free energy ÁG HÈ determined from the intercepts of the curves in Figure 3 with the f 0 axis (i.e. ÁG obs for partitioning into pure POPC vesicles). For ideal additivity, this ratio should be independent of ÁG HÈ and equal to 1 (broken line). The lines drawn through the experimental data for two pairs of indolicidin mutants with the same formal charge (symbols) have a substantial negative slope (continuous lines), indicating the lack of complete additivity. The higher the hydrophobicity, the greater is the deviation from ideal behavior.
we cannot presently explain the relationship, an empirical rule-of-thumb emerges that should be useful for estimating partitioning of unfolded peptides: the effective valence of our cationic peptides is reduced by about 20 % for each 3 kcal mol À1 increase in hydrophobic free energy (Figure 4) .
We do not know if this rule-of-thumb will be true for peptides other than our indolicidin variants. Large deviations could certainly arise if a peptide's conformation were to change dramatically with lipid composition or amino acid sequence, an extreme example being a transition from a largely random-coil interfacial conformation to a largely a-helical transmembrane conformation, as observed for melittin. 37 But there is evidence suggestive of broader applicability. We recently reported a ÁG obs of about À8 kcal mol À1 for the partitioning of melittin into neutral POPC LUV under conditions of high membrane dilution, 37 implying that z eff /z $ 0.4 ( Figure 4 ). Assuming z 5-6, z eff $ 2.0-2.4, in reasonable agreement with values of 1.9-2.2 reported in the literature. 11, 12, 14 This agreement is good, but we caution that ÁG obs for melittin includes free energies associated with secondary structure formation (see below). Even if future experiments disclose limits on the applicability of our rule-of-thumb, the rule will nevertheless serve as a useful landmark.
Although simple ES/HÈ additivity can prevail in some cases, 41, 42 our results and those of others 3, 4 show that it should not be assumed a priori, especially for hydrophobic, cationic peptides. 15 on the other hand, found a ratio of about 1 from studies of the partitioning of host-guest peptides based upon the 25 residue COX IV presequence. An important observation was that free energies of partitioning Trp, Phe, and Leu side-chains were almost indistinguishable, whereas Wimley & White found signi®-cant differences among them, as con®rmed here by our indolicidin variants. Because Thorgeirsson et al. 15 used charged membranes in their study, their results may have been affected by assumptions regarding HÈ/ES additivity.
Our study of the energetics of secondary structure formation by melittin (see above), derived from comparisons of the partitioning and secondary structure of native and a diastereomeric melittin, 44 disclosed 37 a per-residue free energy reduction upon folding of 0.41 kcal mol À1 . More recently, Seelig and co-workers, 16 using a variant of the native/diastereomeric approach for the partitioning of magainin into POPC/POPG (3/1) bilayers, reported a value of only 0.14 kcal mol À1 per residue. Apart from the differences in sequence of melittin and magainin, the lower value may arise from the lack of simple HÈ/ES additivity.
Seelig et al. used POPC/POPG mixtures in order to increase the binding of magainin, which involves both HÈ and ES interactions. But they corrected the free energy of binding to account for the ES component using the full formal peptide charge in order to arrive at the HÈ component. The net effect of this may have been an overcorrection of the ES effect, and consequently an underestimate of the HÈ effect. This may have reduced considerably the per-residue estimate of the free energy reduction accompanying folding.
